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Two GaN p-(i)-n diodes were designed and fabricated, and their electrical performances with °*Ni and '47Pm 
plate sources were compared. The results showed that the diodes with '4”Pm had better electrical performances, 
with a short-circuit current (Isc) of 59 nA, an open-circuit voltage (Və) of 1.4 V, and a maximum power (Pmax) 
of 49.4nw. The ways to improve the electrical performances are discussed, including appropriate increase of 


the i-GaN thickness. 
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I. INTRODUCTION 


The technology advancement in micro-electromechanical 
systems (MEMSs) requests attended power sources [1-3]. 
Radioisotope batteries using energy from a decaying radioiso- 
tope work without refueling, meeting the requirements of 
MEMSs due to their high energy density and long life, over 
traditional micro-batteries. Among this type of batteries, be- 
tavoltaic cells shall be advantageous in their nature of small 
volume, maintenance-free, high energy conversion efficiency, 
easy integration etc., though researches on betavoltaic cells 
are still in their infancy, with rather limited power outputs. 

Great efforts have been made to improve the electrical ca- 
pabilities of betavoltaic cells. On materials for energy conver- 
sion devices, amorphous silicon, InGaP, SiC, GaN etc. have 
been tried, in addition to single crystal silicon, the most ma- 
ture semiconductor [4-8]. And what has been learned is a 
considerable relationship between the band gap width of the 
materials and the theoretical energy conversion efficiency (7) 
of betavoltaic cells [9]. Generally, the 7 and the band gap 
width are of positive correlation, so betavoltaic cells of wide 
band gap materials has better output performances. 

Being a semiconductor of wide band gap (3.4eV), GaN 
is suitable for energy conversion device of a betavoltaic cell 
with improved performance [10, 11]. In 2010, Cheng et 
al. [12] fabricated a GaN p-n junction device for energy 
conversion of a Ni betavoltaic cell, with the short circuit 
current (Isc) of 2.0nA and the open circuit voltage (Voc) of 
0.025 V. Next year, they improved the GaN device and got 
an Isc of 0.64nA and Vo. of 1.62 V [13]. Also in 2011, Lu et 
al. [14] made a GaN Schottky diode irradiated by Ni, get- 
ting an Is of 0.012nA and V of 0.10 V, and in 2012 they 
fabricated a GaN p-n junction device with Isc of 0.7nA and 
Voc Of 0.14 V [15]. Among these results of GaN betavoltaic 
cell research, Cheng et al. achived predominantly in the Voc, 
but not the Isc. The results, however, are far behind those 
of single crystal silicon’s, and far away from the theoretical 
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values, hence there is a long way to go in developing GaN 
betavoltaic cells of practical performances. 

The poor J, of a GaN betavoltaic cell is possibly due to 
small device area for collecting enough the emitted particles 
and small total energy of the driving sources. The 8 isotopes 
are good candidates for betavoltaic cell driving sources. The 
single crystal silicon is a main base material of conversion 
unit with 3H and ©Ni which emit low energy 8 particales, 
as the main driving source isotopes, in consideration of ra- 
diation damage to the semiconductor. In this regard, GaN 
is better than Si [11]. A GaN conversion unit is able to use 
radioisotopes of higher energy ( particales than °?Ni-63, so 
as to enhance the outputs. !4’Pm is an appropriate isotope. 
Table 1 gives the main properties of the three 8 isotopes. 

In this work, two big area GaN p-n junction devices of dif- 
ferent thicknesses of i-GaN were fabricated and irradiated by 
a !47Pm plate source. Their outputs were compared with that 
irradiated by a °3Ni plate source. 


Il. EXPERIMENT AND RESULTS 


Two GaN p-n junction devices were designed. Fig. 1 is 
the main fabrication flow chart. Structural quality of the epi- 
layer was assessed by measuring the full width at half max- 
imum (FWHM) of the symmetric (002) low angle diffrac- 
tion peaks of the rocking curve (w-scan), as shown in Fig. 2. 
As the dislocation density decreases with the XRD FWHM, 
the narrow FWHM of 112 arcsec indicates an excellent crys- 
talline quality of the GaN epilayer. 

Structure parameters of the devices are given in Ta- 
ble 2. The diodes were 1.0cm in diameter. The met- 
als of Ni (8nm)/Au (3 nm) were layered on the whole top 
surface of P-GaN as Ohm contact. The two devices were 
of the same structure parameters except their thickness of 
i-GaN, being 1.5um for the No.2# device and 1.0 um for 
No.1#. The dark J-V characteristics without irradiation were 
tested by Keithley 2635 (Fig. 3). The devices were irradi- 
ated by 10mm plate sources of °Ni (2.96 x 10° Bq) and 
147Pm (1.13 x 109 Bq). The devices with '47Pm source are 
shown in Fig. 4. The outputs tested by Keithley 2635 are 
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TABLE 1. Main properties of three 8 isotopes 


Isotopes Ave. energy Max. energy Mass specific activity Vol. specific activity Specific power Half life 
(keV) (keV) (TBq/g) (TBq/cm*) (Wig) (y) 
H-3 5.70 18.6 357 1.60 0.326 12.3 
Ni-63 17.4 66.9 2.10 18.5 0.00584 100 
Pm-147 61.8 224 34.3 247 0.339 2.62 
MOVCD r 7 
GaN base | —— | GaNepilayer growing | ——> TABLE 2. The configuration of GaN diodes 
Type of layers Thickness (um) Doping density (cm) 
ICP etching |——»]| Ni/Au deposition on N-type layer |——» P-GaN 0.1 >1x 10" 
i-GaN (N type) a a < 1x10! 
| Ni/Au deposition on P-type I—| Au line bonding |——» Nt+-GaN 03 (2#) > 2x 1018 
Test u-GaN > 7.0 — 
— | Prototypes = Qualified devices GaN E _ 


Fig. 1. The main fabricating flow chart. 
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Fig. 2. (Color online) The symmetric (002) low angle diffraction 
peaks of the rocking curve for the GaN p-i-n epilayer. 


Fig. 3. (Color online) Dark characteristics of devices 1# and 2#. 


given in Table 3, and scanning J-V curves are shown in 
Figs. 5 and 6. The outputs were tested after 240h of con- 
tinual irradiation on the two diodes by the ĉ3Ni and !47Pm 
sources. 


Fig. 4. (Color online) The devices with Pm-147 source.A, is device 
1#, B, is device 2#, C, is Pm-147 source. 
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Fig. 5. (Color online) J-V curves of device 1# and 2# irradiated by 
Ni-63. 
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TABLE 3. The results of electrical performance 


A OORT 
Device /No. is M 
Isca (nA) Voci (V) Prax (nw) nı (%) Isc (nA) Voc2 (V) Prax? (nw) 12 (%) 
1# Before irradiation 51.5 1.32 38.2 0.341 3.28 0.940 1.19 0.144 
After irradiation 51.1 1.31 38.1 0.340 3.27 0.940 1.19 0.144 
2# Before irradiation 59.2 1.43 49.4 0.441 3.70 1.190 2.54 0.308 
After irradiation 59.0 1.43 49.4 0.441 3.69 1.190 2.54 0.308 


a J: Before continual irradiation; II: After continual irradiation 


Fig. 6. (Color online) [-V curve of device 1# and 2# irradiated by 
147 
Pm. 


Ill. DISCUSSION 


From the dark characteristics of devices in Fig. 3, one sees 
that the two GaN devices are of good p-n junction perfor- 
mances. The currents of device 1# at —10 mV and —1.0 V are 
7.3 x 10719 A and 4.0 x 107° A, respectively, while the cur- 
rents of device 2# at —10 mV and —1.0 V are 1.9 x 1071! A 
and 1.7 x 10~!° A, respectively. The diode turn-on voltages 
are higher than 2.0 V. The low leakage currents and high turn- 
on voltages are typical for wide band gap semiconductor p-n 


cific activity of }47Pm is higher than that of 7H in its 
gas phase. A !4’Pm source has more quantities of ra- 
dioactivity in the same area than H and °°Ni, hence 
the higher 8 particle-emitting power. 


(3) Big diode area is in favor of the 8 particle-collection 
and the big source area in favor of the radioactivity 
load. Also, the metal electrodes covering the whole 
top surface have better collection efficiency of electric 
charges due to short diffuse length in GaN. 


The test results after continual irradiation for 240 h contin- 
ual irradiation differed little from the results before the con- 
tinual irradiation, indicating a stability of at least 240h with 
the two GaN devices irradiated by ®°Ni and !47Pm. 

Irradiated by "Ni and !4”Pm, the No.2 device is better in 
outputs than No.1 device. They differ from each other only in 
the thickness of i-GaN. The mean ranges of ( particles pen- 
etrating in GaN are 2.1 um and 20 um calculated respectively 
with 8 energy spectra of ®*Ni and '47Pm. Both are greater 
than the actual thickness (1.4 um and 1.9 um) of the two GaN 
diodes (P-GaN + i-GaN + Nt-GaN). When the thickness 
of GaN materials is thinner than the ( particles penetrating 
range, a thicker GaN can deposit more energy of 8 parti- 
cles, hence the increased generation of electron-holes, and 
increased J, and Prax. 


$ — = — Ni-63 


8 \ —:—Pm-147 


10 


diodes. š 
The results irradiation show that the !4’Pm-irradiated = 6 

diodes out-performed the ©°%Ni-irradiated, with an Ise of Bs a 

59nA, Voc of 1.4 V and Prax of 49.4nw. These are the best Z 4 ee 

results ever reported in J,, and Pmax with a single GaN con- £ 

version unit. And Pmax is just the parameter to total electrical $ S 

capability. A RE ee N 
These may due to the following three reasons: - S 


(1) The Vo: of the GaN devices is higher than traditional 
single crystal Si devices. This is because that the build- 
in potentials of the two GaN devices are 3.26 V, rather 
than less than 1.0 V for normal Si devices. 


(2) The power density of !4’Pm is the highest of all the 
three 8 isotopes commonly used in betavoltaic cells as 
shown in Table 1. Although the mass specific activity 
of H is higher than that of '47Pm, the volume spe- 
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Fig. 7. (Color online) The deposition energy ratio of 8 particles of 
63Ni and '*’Pm in GaN. 


A model with GaN of 2.0 um divided into 20 equal step- 
lengths was established [16]. The deposition energy ratio in 
this model was calculated with 8 particles of ®°Ni and !47Pm 
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(Fig. 7). The deposition energy ratio decreases step by step, 
with the biggest ration in the first step. The increase in i- 
GaN thickness enhances the performance of betavoltaic, but 
the performance enhancement is not proportional to thickness 
increase. 

At present, there are defects in growing the GaN materi- 
als. The radiation-induced electron-holes are minorities in 
semiconductor and they must diffuse into built-in field to sep- 
arate and generate current. The defects in GaN materials lead 
to short life and diffuse length (<0.3 um) of minorities [17]. 
It makes many electron-holes recombine before they diffuse 
into built-in field being no longer of use for current genera- 
tion. So the GaN diodes must be fabricated at an appropriate 
thickness. 
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IV. CONCLUSION 


In conclusion, two GaN devices were fabricated and their 
performances with °?Ni and '47Pm were compared. The de- 
vices with !47Pm had better results: 59nA in Ig, 1.4 V in Voc, 
and 49.4nw in Pmax, which are the best results ever reported 
in Isc and Pmax with single GaN conversion unit. The test 
results after 240h continual irradiation by 'Ni and '47Pm 
showed the GaN devices were reliable. The appropriate thick- 
ness of i-GaN could improve the power outputs. The perfor- 
mance enhancement of GaN betavoltaic cells shall base on 
technological advancment of GaN materials growth, device 
fabrication and configuration design. 
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